Förster resonance energy transfer (FRET) provides fluorescence signals sensitive to intra-and inter-molecular distances in the 1-10 nm range. Widely applied in the optical imaging environment, FRET enables visualization of physicochemical processes in molecular interactions and conformation changes. We reported photoacoustic imaging of FRET, based on non-radiative decay that produces heat and subsequent acoustic waves. The experimental results show that photoacoustic imaging offers better penetration into scattering biological tissue. Through its ability to three-dimensionally image tissue with scalable resolution, photoacoustic microscopy provides a beneficial biomedical tool to broaden the in vivo application of the FRET technique.
INTRODUCTION
Förster, or fluorescence, resonance energy transfer (FRET) is a physical process in which energy is transferred from an excited donor fluorophore to adjacent chromophores non-radiatively [1, 2] . Because the transfer rate is sensitive to the donor-acceptor distance, FRET provides a molecular ruler for measuring distances between biomolecules. FRET has proven to be a tool of immense value to understand biological processes such as protein interactions and conformational changes, and in vivo applications have been explored for the study of protease activity, protein misfolding, and intracellular calcium.
Photoacoustic (PA) microscopy is an emerging biomedical imaging modality based on detecting non-radiative decay [3] [4] [5] [6] [7] [8] . In the absence of photochemical decay, non-radiative decay converts the excited molecular state energy into heat. With pulsed light excitation, the heat induces thermoelastic expansion, generating acoustic waves in the medium. An ultrasonic transducer is used to detect the acoustic energy, which enables PA imaging of non-radiative decay processes.
The occurrence of FRET manifests itself through the reduction of donor fluorescence emission because of the nonradiative energy transfer to the acceptor, increasing both the fluorescence and PA emissions from the acceptor. The conversion efficiency of the transferred energy to photoacoustic emission depends on the quantum yield of the acceptor. In the case of a non-fluorescent acceptor, an increase of the PA signal strength becomes the solitary yield of the donor fluorescence quenching.
Compared with the fluorescence technique, PA imaging of FRET has inherent merits. By utilizing low ultrasonic scattering, PA imaging enables high-resolution, deeply penetrating imaging in biological tissue. Moreover, PA imaging is scalable with optical illumination and ultrasonic detection parameters. It can be designed to provide either sub-micron resolution at a shallow depth or a centimeter penetration depth while a high depth to resolution ratio is maintained. Therefore, the ultimate applications of FRET extending from live cells to organs in vivo can potentially benefit from the multi-scale PA imaging capability.
METHODS
FRET involves the non-radiative transfer of excited state energy from a fluorophore (the donor D) to another nearby absorbing (but not necessarily fluorescent) molecule (the acceptor A) [9] . The energy transfer efficiency E, which directly measures the fraction of photon energy absorbed by the donor that is transferred to the nearby acceptor, can be expressed as follows.
where f k , t k , and nr k are the donor fluorescence emission rate, the FRET rate from the donor to the acceptor, and other non-radiative decay rate of the donor, respectively; r is the intra-or inter-molecular distance; 0 R is the critical transfer distance characteristic of a given donor-acceptor pair, in the range of 1-10 nm. The distance r is an important parameter for describing biomolecules engaged in complex formation and conformational transition.
In our experiment, a pair consisting of a donor fluorophore (Rhodamine 6G) and a non-fluorescent acceptor chromophore (DQOCI) was examined. The energy transferred from the donor to the non-fluorescent acceptor increases the PA signal.
Förster's theory predicts that, due to decreasing r, the energy transfer efficiency E increases with increasing acceptor concentration C . For an ensemble of donor and acceptor molecules, the FRET efficiency E is summed over the energy transfer channels to all acceptor molecules around the excited donor molecule, and is given by, 
The subscripts D and A denote the presence of the donor and the acceptor, respectively. Therefore, the energy transfer efficiency E can be measured as
The fluorescence intensities F from the donor in the absence and presence of acceptor DQOCI are given by
where D a, μ is the absorption coefficient of the donor at the excitation wavelength. The ratio of the excitation wavelength ex λ to the fluorescence emission wavelength f λ accounts for the Stokes shift of fluorescence emission. The PA amplitudes P can be calculated as
Note that DA P is attributed to both the t k and donor's nr k decay pathways, i.e., the FRET decay through the acceptor pathway in addition to the non-radiative decay through the donor pathway.
In fluorescence microscopy, the energy transfer efficiency E can be computed by
Similarly, the ratio of the PA amplitudes yields The strong spectral overlap of the donor and acceptor required for FRET imaging leads to the acceptor bleedthrough (ABT) contamination, i.e., the direct excitation of acceptor at the donor's excitation wavelength. For quantitative treatment of FRET, we remove the ABT background ABT P from the raw PA signal. The corrected PA signal DA P at ex λ is obtained as follows:
where ) ( ex raw DA P λ is the raw PA amplitude measured from the FRET dye system at ex λ .
RESULTS
PA and fluorescence images were acquired using the integrated dual-modality PA and fluorescence confocal microscope (Fig. 1) [10, 11] . Based on solutions containing a controlled amount of donor Rhodamine 6G and acceptor DQOCI, the PA and fluorescence imaging of FRET efficiency is analyzed. Seven stock ethanol solutions were prepared with different concentrations of donor Rhodamine 6G and acceptor DQOCI as tabulated in Fig. 2 . Figure 3 show map cannot be or in vivo FRET efficiency map ac n used to imag ls, absolute F ter penetration udies.
